Within the cultivated tomato germplasm, sun, ovate and fs8.1 are the three predominant QTLs controlling fruit elongation. Although SUN and OVATE have been cloned, their role in plant growth and development are not well understood. To compare and contrast the effects of the three QTLs in a homogeneous background, we developed near isogenic lines (NILs) in the wild species Solanum pimpinellifolium LA1589 background. We carried out detailed morphological characterization of reproductive and vegetative organs in the single, double and triple NILs and determined the epistatic interactions of the three loci affecting fruit shape. The phenotypic evaluations demonstrated that the three loci regulate unique aspects of ovary and fruit elongation and in different temporal manners. The strongest effect on organ shape was caused by sun. In addition to fruit shape, sun also affected leaf and sepal elongation and stem thickness. The synergistic interaction between sun and ovate or fs8.1 suggested that the pathways involving SUN, OVATE and the gene(s) underlying fs8.1 may converge at a common node. The results of an extensive profiling analysis suggested that the degree of fruit elongation was not related to the accumulation of any of the classical hormones.
Introduction
During the domestication and selection of tomato (Solanum lycopersicum), a tremendous number of phenotypically distinct cultivars arose. In addition to larger fruit size, which is thought to be the top principle of selection for nearly all fruit-bearing crops, tomato selections also resulted in a large variety of shapes [1] . In contrast to the wild relatives carrying uniformly round fruit, cultivated tomato displays fruit shapes such as flat, round, long and pear-shaped. The elongated shape in particular is a common feature that distinguishes many cultivated varieties from undomesticated accessions. Within the cultivated tomato germplasm pool, elongated shape is predominantly controlled by a combination of the sun, ovate and fs8.1 loci [2] .
The sun and ovate loci both have a large effect on fruit elongation, and the underlying genes are known. The ovate allele can be found in many obovoid and ellipsoid varieties such as grape tomato. The sun allele has a more pronounced effect on shape and is found in very long and tapered shaped heirloom and oxheart tomatoes [1] . OVATE was fine-mapped to chromosome 2 and the mutation resulted in a premature stop codon resulting in a null [3] . OVATE is a negative regular of growth, since overexpression of members of the OVATE family proteins (OFPs) leads to dwarf phenotypes in Arabidopsis and tobacco [4, 5] . SUN encodes a member of the IQD family of calmodulin-binding proteins, and the expression level of the gene is positively associated with elongated shape [6] . The mutation arose from a 24.7-kb duplication event from chromosome 10 to chromosome 7 mediated by the retrotransposon, Rider [7] . This event placed SUN in a new genome environment leading to higher expression during flower and fruit development [6, 8] .
The evaluation of a large tomato population led to the hypothesis of the spatiotemporal emergence of the major fruit shape gene mutations during the domestication and selection of cultivated tomato [1] . With respect to the two fruit elongation genes SUN and OVATE, this model suggests that the sun locus emerged relatively recently in Europe after tomato migrated from South and Central America. In contrast, ovate is found in Latin American regional and semi-wild cerasiforme accessions persisting in populations from Italy and therefore is proposed to be an older mutation.
fs8.1 is another major fruit elongation locus that was first detected in tomato cv. M82 [9] , a processing variety classified as "rectangular"-shaped [1] . The mutant allele of fs8.1 is also found in cv. Howard German and Banana Legs (both also carrying sun) and Rio Grande (wild type for sun and ovate, where fs8.1 exerts a major impact) [2, 10] . Therefore, fs8.1 may be present in many elongated varieties. The position of the fs8.1 locus is in the peri-centromeric region of the chromosome, which was inferred by cytological analysis [9] . Its location precludes map-based cloning to identify the underlying gene(s) as a result of reduced recombination in pericentromeric regions.
Despite the current knowledge, the molecular functions of SUN, OVATE and the gene(s) underlying fs8.1 are not well understood. Because the wild type and mutant alleles are not found in the same backgrounds, no empirical comparative study has been conducted to reveal their effects in one background. In this study, we developed a set of near isogenic lines (NILs) of sun, ovate and fs8.1 in the wild species S. pimpinellifolium LA1589 background by repeated backcrossing and extensive genotyping. The NILs served as a powerful tool for studying detailed effects of each locus, as well as elucidating the genetic interaction among the loci. The evaluation of the reproductive and vegetative phenotypes of the NILs revealed unique features of sun, ovate and fs8.1 in regulating organ elongation. The synergistic interactions between sun and ovate, and sun and fs8.1 suggested that the pathways involving the three genes may converge at a common node in the regulatory network of proximal-distal organ patterning.
Materials and methods

Naming of the loci and the construction of the fruit shape NILs
The naming of the loci is in italicized lowercase letters. The mutant alleles at the three loci are named sun, ovate and fs8.1 even though they may not be loss-of-function mutations. For example, sun resulted from a gene duplication event and presents a gain-of-function mutation. The introgressions of the three loci are schematically shown in Supplementary Fig. S1 . The entire introgressed region at the sun locus (86.1 kb on chromosome 7 plus the 24.7-kb insertion) contained 13 annotated genes (ITAG2.4 genomic annotations). Nine were on chromosome 7, and four putative genes including SUN (Solyc10g079240) were duplicated from chromosome 10 by the Rider transposon-mediated insertion event [6, 7] . The ovate introgression covered 10 annotated genes including OVATE. Because the reference genome of S. lycopersicum cv. Heinz 1706 carries the ovate mutation, the gene is incorrectly annotated as two, Solyc02g085500 and Solyc02g085510 due to the premature stop codon in the mutant allele. The fs8.1 introgression region was approximately 50 Mb, and contained a total of 885 annotated genes.
Plant materials, genotyping and phenotyping
Progeny of a self-pollinated BC 8 plant heterozygous for sun, ovate, and fs8.1 were used to select all combinations of the three loci as heterozygous and homozygous. From a total of nearly 800 seedlings, four to five plants of each of the 27 genotypic classes were identified using marker-assisted selection for each of the loci (Supplementary Table S1 ) and transplanted in the field at the Ohio Agricultural Research and Development Center (OARDC) in Wooster, OH in 2012 in a completely randomized design. Additional plants grown in the greenhouse were used for seed increase and hormone analysis. For floral organ analysis, eight flowers per plant were collected at anthesis. Floral organs were dissected, placed onto an agar plate, and scanned with a table-top scanner at 600 dpi. Measurements were made using ImageJ software (rsbweb.nih.gov/ij/). Anthesis flowers were hand pollinated and tagged in the field. Developing fruit were collected 10 days post anthesis (dpa) and at the ripening stage, cut longitudinally, scanned at 300 dpi, and analyzed for fruit shape using Tomato Analyzer v3.0 [11] . The specific attributes that were measured were shape index, distal end angle, obovoid and proximal eccentricity. Shape index is the ratio of maximum length to width. The distal end angle is measured at the intersection of two lines where the slope is measured via regression along the boundary of the fruit or leaflet on the distal side at a defined distance from the tip of the fruit or leaflet. Obovoid is calculated from the maximum width (W), the height at which the maximum width occurs (y), the average width above that height (w1), the average width below that height (w2), and a scaling function f(y) using the formula: Obovoid = 1/2 × f(y) × (1 − w1/W + w2/W). Proximal eccentricity is the ratio of the height of the internal ellipse to the distance between the bottom of the ellipse and the top of the fruit (Supplementary Fig. S2 ; http://www.oardc.ohio-state.edu/vanderknaap/files/ Tomato Analyzer 3.0 Manual.pdf). Leaf phenotypes were evaluated on mature leaves. The measurements of stem thickness, internode length and side branch length were taken at consecutive positions between the 4th and 9th leaves on plants at the 24-leaf stage. The total soluble sugar content (brix) was measured on a puree of five fruits per plant with a handheld refractometer (ATAGO U.S.A., Inc.).
Statistical analysis
Analysis of variance (ANOVA) and Tukey's mean separation tests were done using the average of the eight flowers, fruits or terminal leaflets as the value for each individual plant. Individual fruit weight was taken as an average of 20 fruits from each plant. Values for each genotype were the average of all plants in a genotype. Analyses of epistasis between two loci using orthogonal contrasts were conducted using all genotypic classes. Contrast coefficients were assigned to each genotype based on the model developed by Cockerham [12] to estimate the type of gene action. For epistatic interaction, the contrast coefficients were multiplied. For example, to calculate the coefficients for additive-by-dominance interaction, the coefficients for additive effect of a locus were multiplied by the coefficients for dominance effect of the other locus. For hierarchical clustering of genotypic classes, values of traits were standardized to have a mean of zero and standard deviation of one across all the genotypes.
Fruit and terminal leaflet shape modeling and Bayesian classification using contour morphometric data
Unbiased assessment of shape can be accomplished by a morphometric analysis. Two hundred boundary morphometric points (the points were identified along the boundary of the fruit or leaflet at equal distance from one another) were obtained from each longitudinally sliced fruit or leaflet using Tomato Analyzer v3.0 [11] . Elliptic Fourier coefficients were calculated from the morphometric data using 20 harmonics for the fruit shape analysis and 30 harmonics for the terminal leaflets as described previously [13] . The average morphometric points of eight fruits or three leaflets per plant were taken as the representative morphometric points for each individual plant. Clustering of the coefficients for each plant was done using the unsupervised learning Bayesian algorithm of Autoclass [38] . Coefficients of class membership were calculated as the number of plants representing a genotype assigned to one class divided by the total number of plants per genotype.
Hormone profiling
Hormone profiling was done with tissues collected from fieldgrown plants that carried the homozygous combinations of the sun, ovate and fs8.1. Only one sample type was used in this analysis, flower buds younger than 9 days before anthesis (dba). The oldest flower bud in the analysis was at a stage when carpels were fused and placenta development was initiated. The reproductive meristems were included in the pooled flower buds. Flower buds were harvested from plants and immediately frozen in liquid nitrogen before being freeze-dried. Flowers from the plants of the same genotype (n = 4-5) were pooled into one sample containing about 100-150 mg of fresh weight tissue (from 15 to 20 inflorescences). Tissue collection was repeated four times on different days within 2 weeks between 10 and 11 am. A total of 32 freeze-dried samples (eight genotypes, four replicates) were shipped to RIKEN Plant Science Center, Tsurumi, Yokohama, Japan. Plant hormones were extracted and purified by column cartridge, and analyzed using liquid chromatography-electrospray ionization-tandem mass-spectrometry (LC-ESI-MS/MS) [14] . The hormones analyzed were: Indole-3-acetic acid (IAA), abscisic acid (ABA), cytokinin (CK) in the form of isopentenyladenine (iP), salicylic acid (SA), jasmonic acid (JA) and isoleucine conjugated-JA (JA-Ile). Other measured hormones, namely the CK trans-zeatin, the gibberellins (GAs) GA 1 and GA 4 , were not included in the statistical analyses due to low levels in the tested tissue and missing data. Brassinosteroids and strigolactones were also not measured. The significance of the effect of a locus on the accumulation of a certain hormone and interactions between loci were calculated by ANOVA. Paired Student's t-tests were performed to compare the group means when the effect was significant. The effects of each locus were tested in the WT and mutant backgrounds.
Auxin, tryptophan (Trp) and tryptamine (TRA) levels were analyzed in flower buds younger than 9 dba, anthesis flowers and 5-dpa fruits of different NILs that were immediately frozen in liquid nitrogen. The samples were collected at 10 AM. Approximately 15-20 mg of tissue was weighed and ground in liquid nitrogen and final sample mass was recorded. Samples were extracted with sodium phosphate buffer, pH 7.0 as described previously [15] with the following modifications: samples were extracted at 4 • C, and either 25 ng indole-3-propionic acid (IPA; Santa Cruz Biotech., Dallas, TX, part # sc255215) or a combination of 25 ng deuterated d5-indole-3-acetic acid (Olchemim Ltd., Czech Republic, part # 0311532) and 20 ng deuterated d3-tryptophan (C/D/N Isotopes, Inc., Quebec Canada, part # D-7419) were added as internal standards. Auxin, Trp and TRA were concentrated using solid-phase extraction. Samples were dried under nitrogen gas, re-dissolved in 1 ml methanol, and passed through a 0.2 m nylon filter (Fisher Scientific, part # 09-720-5). Auxin, Trp and TRA levels were quantified using high-pressure liquid chromatography, tandem mass-spectrometry (Agilent 6460 QQQ LC-MS/MS system) [15] . One microliter of each sample was injected for LC-MS/MS analyses.
Results
The sun, ovate and fs8.1 loci control ovary and fruit elongation before and after anthesis
The phenotypic effects of the each of the three loci were studied using the individual NILs. To evaluate the developmental patterns of fruit elongation regulated by sun, ovate and fs8.1 compared to WT, we collected anthesis-stage ovaries and fruits at 10 and 30 dpa from plants carrying homozygous combinations of the three loci. Fruit and ovary elongation can be described by shape index, which is the ratio of maximum height and width. For the single NILs at anthesis, the most elongated ovaries featuring the highest shape index were those carrying ovate ( Fig. 1A and D ; Table 1 ). sun and fs8.1 also resulted in a higher shape index of the ovary compared to WT ( Fig. 1A and D) albeit to a lesser extent than ovate. This result suggested that SUN, OVATE and the gene(s) underlying fs8.1 contributed to the proximal-distal carpel patterning during floral development before anthesis. The ovate mutation resulted in the highest shape index at anthesis, which decreased as the fruit matured ( Fig. 1) , implying that the OVATE gene repressed ovary elongation mainly during floral development. By contrast, the most dramatic effect of sun was a large increase in shape index from anthesis to 10 dpa ( Fig. 1B and D ; Table 1) . The shape index then decreased as the fruits matured and width expanded. This proximal-distal patterning resulting from the elevated expression level of SUN occurred independent of the other two mutations (Fig. 1D) , indicating a strong impact of SUN on promoting fruit elongation shortly after fertilization. The fs8.1 loci by itself caused a slight increase in shape indices of the ovary, 10 dpa and mature fruit, which was not significantly different from WT ( Fig. 1 ; Table 1 ).
sun, ovate and fs8.1 affect different aspects of fruit morphology
To objectively and quantitatively characterize the fruit shapes, mature fruits were analyzed using Tomato Analyzer v3.0 [11] . In addition to shape index, the distal end angle was measured to describe the pointed shape of the fruit. A small angle value implied a pointier fruit. The obovoid attribute described the degree of pear shape and calculated the fraction of the area below and above the midpoint of the fruit. This value increased with more eccentric fruit. The proximal eccentricity value also described the degree of pear shape by calculating the relative position of the seeded area over the total area of the fruit. Thus, a perfectly round fruit would have a large distal end angle, an obovoid value of close to 0 and a proximal eccentricity value of close to 1. Conversely, a pearshaped fruit would feature a larger obovoid value and a smaller proximal eccentricity value compared to a round fruit. The effect of sun on the fruit elongation was evenly distributed along the proximal-distal axis, since the fruit was not visually pear-shaped and the values of obovoid and proximal eccentricity were not significantly different from those of WT ( Fig. 1B and C; Table 1 ). sun alone dramatically affected the distal end by resulting in a more pronounced tip that was 30 • more acute than WT ( Fig. 1B and C ; Table 1 ). ovate contributed to a higher shape index by leading to an eccentric positioning of the seeded part ( Fig. 1B and C; Table 1 ), even though the attributes that measured this trait were not always significantly different from WT. Contrary to sun and ovate, in the wild species background ovary and fruit shape indices of the fs8.1 single NIL were not significantly different from WT. sun and ovate increased the length, but decreased the width of the ovary and fruit, hence an increase in shape index (Table 1) . However, the ovaries and fruits from fs8.1 plants were longer, but similar in width if not wider than WT, which could explain why shape index was not significantly different from WT (Table 1) . Fruit weight was not significantly different among the single NILs compared to WT (Supplementary Table S2 ). Yet, fs8.1 plants tended to have the largest fruit among the single NILs, consistent with the increased length and width of the fruit (Table 1) . NILs with ovate tended to have smaller fruit (Supplementary Table S2 ). To evaluate which locus had the greatest effect on fruit elongation, contrasts were performed to compare fruit shape index among different genotypes. The results showed that sun had the strongest impact on fruit elongation, whereas fs8.1 was the least effective among the three loci (Table 2 ).
3.3. Interaction of sun, ovate and fs8.1 on fruit shape Visual inspection and mean separation tests suggested that the three loci might interact epistatically (Fig. 1, Table 1 ). In particular, the combination of sun and ovate led to an enhanced fruit shape index, as well as the highest obovoid and lowest proximal eccentricity values (Table 1) . sun, ovate and fs8.1 together led to the most elongated anthesis ovary and fruit. Epistasis among the three loci for fruit shape index evaluated by the three-way ANOVA indicated significant interactions of sun × ovate and sun × fs8.1 (Table 3) . Interactions were also observed for sun × ovate in regulating obovoid and proximal eccentricity, two characteristic traits of pear-shaped fruit (Table 3) . These interactions resulted in a more elongated and pear-shaped fruit (Table 1) . fs8.1 did not appear to affect the degree of obovoid (Tables 1 and 3 ). Although fs8.1 antagonistically interacted with ovate for proximal eccentricity, this value was only slightly larger for ovate/fs8.1 double NIL than that of ovate alone (Tables 1 and 3 ). To determine whether the interactions between loci on fruit shape traits were additive or dominant, orthogonal contrasts were performed for sun × ovate and sun × fs8.1 on fruit shape index, and for sun × ovate on obovoid (Supplementary Table S3 ). All three loci had significant additive effects on fruit shape index, and sun interacted with ovate and fs8.1 in an additive-by-additive manner in controlling this trait ( Fig. 2; Supplementary Table S3 ). The effect of sun allele was observed in a heterozygous state (Fig. 2) , which was consistent with the fact that it is a gain-of-function mutation, and the expression level of SUN is positively correlated with organ elongation [6, 16] . Given that the premature stop in the OVATE protein could result in a null [3] , the mutation was expected to be recessive. However, the ovate allele affected fruit elongation in an additive manner (Supplementary Table S3 ), and the heterozygous ovate plants carried more elongated fruit compared to WT (at ovate) in the presence of the sun allele (Fig. 2 ), which suggested a dosage effect of OVATE or that the mutant allele had partial function. For obovoid, sun and ovate also interacted in an additive-by-additive manner (Supplementary Table S3 ). The epistasis between loci demonstrated that combining sun with ovate or fs8.1 led to synergistic effect on fruit elongation. Thus, higher expression of SUN and the mutation in the OVATE gene contributed to enhanced effect on pear-shaped fruit formation.
Fig. 2.
Epistatic interactions between sun and ovate, sun and fs8.1 and ovate and fs8.1 on fruit shape index. EE and PP represent the homozygous mutant and WT alleles, respectively, and EP represents the heterozygous state. A and D indicate the additive and dominance effects, respectively. P AA , P AD , P DA and PDD demonstrate the significance of AA, AD, DA and DD interactions between the two loci. Representative fruits of different genotypes are shown. 
Leaf shape is altered by sun but not by ovate and fs8.1
Compelling data support the notion that carpels are modified leaves and that leaves and floral organs are partly interchangeable through modifying only a small set of regulatory genes [17] [18] [19] [20] [21] [22] . Several genes known for their roles in tomato fruit growth also have effects on leaf morphology including SUN [16, 23, 24] . However, it is not known whether ovate and fs8.1 play a role in leaf elongation as they do in fruit elongation. To address this question, we compared the leaf phenotypes of the NILs carrying various combinations of the three loci. Consistent with the previous study, sun had a dramatic impact on leaves by increasing whole leaf length and terminal leaflet shape index (Table 1) . ovate and fs8.1 did not affect the length of the leaf or shape of the terminal leaflet (Table 1 ; Supplementary Fig. S3 ). sun tended to reduce the distal angle of the terminal leaflet (Table 1 ; Supplementary Fig. S3B ), which was similar to its effect on the distal end feature of the fruit (Table 1 ; Fig. 1B  and C) . ovate and fs8.1 did not lead to a more pointed leaflet tip. The sun/ovate/fs8.1 triple NIL featured the most pointed leaflets that were significantly different from WT, an effect that appeared to be driven by sun (Table 1 ; Supplementary Fig. S3B ). The complexity of the compound leaf measured by the number of primary and intercalary leaflets (Supplementary Table S2 , Supplementary Fig. S3A ) was not affected by sun, ovate or fs8.1 alone or in combination.
Modeling of fruit shape and terminal leaflet shape using morphometric data
The shapes of fruits and leaflets were analyzed above using selected attributes describing the differences among the NILs based on human observation. To further unbiasedly identify different shape classes and reveal the association between the shapes and genotypes, we used contour measurements of scanned fruit and leaflets to perform shape classification analysis using elliptic Fourier shape modeling and Bayesian clustering techniques [13] . Two hundred contour morphometric points were extracted from each fruit with Tomato Analyzer describing the shape in x, y coordinates. Elliptic Fourier coefficients calculated from the morphometric points were clustered using an unsupervised learning Bayesian algorithm, which identified six distinct fruit shape classes in the data (Fig. 3A) . The round (class 2) and pear-shaped (class 5) classes represented the most consistent classes with 100% membership of each genotype assigned to the class (Supplementary  Table S4 ). In the round class (class 2), the fruits were WT or heterozygous for ovate, and all were homozygous for the WT allele at sun locus. Heterozygosity at the sun locus led to elongated shapes in different classes, implying the dominant impact of sun on fruit elongation. The pear-shaped class (class 5) described the most elongated and obovoid fruit with high proximal eccentricity. This class was composed of all the genotypes carrying both sun and ovate in the homozygous state, indicating the synergistic effect of the two mutations in controlling fruit proximal end elongation. ovate resulted in different degrees of neck protrusion in classes 1, 3 and 4, and that effect was dependent on sun. More specifically, ovate in a heterozygous state did not lead to an obvious phenotype on its own as was demonstrated by the fruits in the round class (class 2). However, in the presence of sun, the proximal end of the fruits elongated significantly (class 1 and 3). Class 3 described the second most elongated and obovoid fruit. In this class, all the fruits carried sun in homozygous or heterozygous state, with combinations of ovate and fs8.1. Class 1 described slightly elongated fruits with genotypes of either WT or heterozygous for sun in various combinations with ovate and fs8.1. Different combinations of sun and fs8.1 led to evenly elongated fruit in class 6. The use of morphometric points allowed shape measurements to be free of human bias, and represented a true characterization of the inherent shapes. The association between the fruit shape classes and certain combinations of sun, ovate and fs8.1 implied additive epistatic interactions, which supported the gene action and epistatic interaction results shown in Fig. 2 and Supplementary Table S3 . Consistent with the finding that fs8.1 had the least effect on fruit elongation among the three (Table 2) , its contribution in driving the shape classification was negligible in the LA1589 background.
Using the same method, the shapes of terminal leaflets were classified into three types ( Fig. 3B ; Supplementary Table S5) with only subtle differences. Class 1 featured a larger shape index with reduced width compared to class 2, and class 3 was in between class 1 and 2. Due to the asymmetry of the leaflet tip, the distal angle was not well presented by the average morphometric points. Nevertheless, the distribution of genotypes among the shape classes indicated a major impact of sun on terminal leaflet elongation, which was consistent with the results of the mean separation tests for leaflet shape index ( Fig. 3B; Table 1 ; Supplementary Fig. S3B ).
3.6. Additional effects of sun, ovate and fs8.1 on reproductive and vegetative organs development
The three mutations clearly control elongated fruit shape. To examine whether they also influence the patterning of other floral organs, we measured the length and width of stamens, petals and sepals from anthesis flowers. sun had a significant impact on sepal shape (Supplementary Table S2 ). fs8.1 also increased the sepal shape index, although the value was not significantly different from WT. ovate did not appear to contribute to floral organ shape except for the ovary. Stamens and petals did not exhibit significant differences in shape index in all combinations with the exception of petals of sun and ovate compared to the sun/ovate/fs8.1 triple NIL (Supplementary Table S2 ).
To explore additional roles of SUN, OVATE and genes underlying fs8.1 during vegetative growth, we analyzed plant architectural parameters (Supplementary Table S2 ). sun led to thinner stems, while the other two loci did not have an effect on stem thickness (Supplementary Table S2 ). Lack of distinguishable differences for internode length and side shoot length ( Supplementary Table  S2) suggested that neither sun, ovate nor fs8.1 had a major impact on plant height and architecture. Flowering time was also similar among the different genotypic classes. We measured brix to determine whether sugar content varied among the NILs and found no association (Supplementary Table S2 ). This suggested that fruit quality might not have been impacted by the three fruit shape genes.
Hormone profiling of the triple NILs developing flowers
Overexpression of SUN leads to parthenocarpic fruits, reminiscent of phenotypes triggered by exogenous auxin or gibberellin (GA) application [6, 25] . Moreover, a member of OVATE family protein in Arabidopsis, AtOFP1, reduces the expression of AtGA20ox1 when overexpressed [4, 5] . Both auxin and GA regulate critical stages of floral development [26, 27] . Other hormones, such as cytokinin (CK) and jasmonic acid (JA) may also participate in floral organ patterning [28] [29] [30] [31] . For these reasons we sought to determine the effects of sun, ovate and fs8.1 on hormone accumulation. The temporal fruit elongation patterns of sun, ovate and fs8.1 compared to WT indicated that ovary elongation was initiated during floral development prior to anthesis. We hypothesized that this effect was early in floral development and therefore measured hormone levels in flower buds younger than 9 days before anthesis (dba) for the hormone profiling. The 9-dba stage corresponded to carpel fusion and placenta initiation stage of ovary development [8] . The ANOVA results showed that fs8.1 had a pleiotropic effect on the accumulation of different hormones, including IAA, ABA and iP. sun significantly affected JA-Ile and ovate had an impact on iP accumulation (Table 4) . fs8.1 tended to reduce IAA and increase ABA levels (Fig. 4C) . Although the differences were not significant based on the t-tests, consistent trends were observed in all backgrounds (Fig. 4C) . On the other hand, the effect of fs8.1 on iP was dependent on the genotypes at the ovate locus (Fig. 4C) . ovate and fs8.1 significantly interacted in affecting the accumulation of iP and had opposite effects (Table 4 ; Fig. 4B and C) . ovate reduced the iP levels in the fs8.1 mutant background, whereas fs8.1 increased iP levels in the absence of the ovate mutation ( Fig. 4B and C ). An interaction was also found between ovate and fs8.1 for SA (Table 4) . ovate significantly reduced SA levels only in the fs8.1 WT background (Fig. 4B) . The interaction between fs8.1 and sun was significant for JA and JA-Ile (Table 4) . sun increased JA and JA-Ile levels in the absence of the fs8.1 mutation (Fig. 4A) , whereas the positive effect of fs8.1 on JA and JA-Ile accumulation was only seen in the sun WT background (Fig. 4C) . Even though the differences were marginal in the youngest floral stages, we sought to explore further the impact of the three loci on the accumulations of auxin and its precursors, tryptophan (Trp) and tryptamine (TRA), at other stages of floral and fruit development. Unlike the prior experiment, fs8.1 did not have a significant effect on IAA accumulation in the young flower buds ( Supplementary Fig. S4B ). The only significant finding was that fs8.1 reduced TRA accumulation in 5-dpa fruits in all backgrounds (Table 4 ; Fig. 4D ).
Discussion
SUN, OVATE and fs8.1 appear to function in different but related pathways
In cultivated tomato, various alleles contribute to fruit shape and size differences among the many accessions [1, 32, 33] . Accurate comparisons of the effect of several fruit morphology loci have not been possible until the development of NILs in a homogeneous background. For this study, we purposely developed NILs containing one or combinations of the three elongation loci. This resource finally allowed a detailed comparison of the main phenotypic effects of each fruit elongation locus by itself and in combination. Moreover, NILs allowed us to evaluate epistatic relationships without the influence from other segregating fruit shape and size loci. Our results indicated that each of the three loci contributed to organ elongation in a distinct way. From the temporal perspective, sun resulted in a more elongated ovary before and more significantly after anthesis, consistent with what has been reported previously [8, 16] . On the other hand, ovate affected ovary elongation entirely prior to anthesis. The shape index decreased from anthesis to 10 dpa till maturation, which is likely the result of a process that is not actively controlled by ovate. fs8.1 contributed to ovary elongation at anthesis in the LA1589 background. Although the effect was not significant, the trend was consistent with a previous study carried out in the cultivated tomato M82 background, showing that fs8.1 also sets the elongated pattern before anthesis [34] . These findings suggest that OVATE and the gene(s) underlying fs8.1 act mainly during floral development, while SUN exerts its main effect during the period of intensive cell division after fertilization. LA1589 has a highly predictable inflorescence growth pattern [8, 35] . Therefore, the LA1589 NILs will be a useful resource in future studies of the fruit-shape gene activities during floral development. Once it is known when the effects of the genes become visible, the specific development circumstance and context of the regulatory network during that stage will provide crucial insights into the function of the fruit shape genes. In addition to the temporal manner, the differences among the three loci were also demonstrated by the unique features of the elongated fruits. Compared to sun, which resulted in evenly elongated fruit, ovate led to elongation at the proximal end. Unlike sun, which elongates the fruit by Fig. 4 . Effects of sun, ovate and fs8.1 on hormone accumulation. Except for trypatamine (TRA), which was measured in 5-dpa fruits from greenhouse-grown plants, all the other data were from pooled flower buds younger than 9 dba collected on field-grown plants. For each locus, the hormone levels of the mutant were compared to those of WT in different backgrounds, and the p-values of paired t-tests are shown. (A) sun increased JA and JA-Ile levels in the absence of fs8.1 mutation. (B) ovate reduced the iP levels in fs8.1 mutant background and reduced the SA levels in the absence of fs8.1 mutation. (C) fs8.1 reduced the levels of IAA, and increased the levels of ABA. fs8.1 also increased the levels of iP, JA and JA-Ile dependent on the genotypes at ovate and sun loci. (D) fs8.1 reduced the TRA accumulation in 5-dpa fruits. pg/mg DW, pg per mg dry weight; pg/mg FW, pg/mg frozen weight of fresh tissue. Expect for tryptamine, which was measured on 5-dpa fruits from greenhouse-grown plants, all the other hormone data were generated using young flower buds of fieldgrown plants. Significant effects and interactions were shown by p-values computed from the F ratio in ANOVA. a Log transformed data were used for ANOVA of JA and JA-Ile.
redistributing the mass, fs8.1 appeared to promote the growth along the proximal-distal axis while not reducing fruit width, which led to a larger fruit albeit not significantly (Supplementary Table  S2 ). These results imply that SUN, OVATE and the gene(s) underlying fs8.1 may function via different pathways during various spatial and temporal windows in ovary and fruit development. While it appears that the shape loci act in different pathways, synergistic interactions between sun and ovate, and sun and fs8.1 suggested that the pathways involving these fruit shape genes may instead converge at certain nodes, and that one mutation enhanced the effects of the other mutation. The ovate allele in the LA1589 background did not lead to a typical pear-shaped fruit with highly pronounced proximal protrusion as is found in the Yellow Pear variety [3] . Results from this study showed that sun enhanced the effect of the ovate in controlling the pear-shaped fruit form. However, whereas sun × ovate resulted in pear-shaped fruit, the effect of ovate is also enhanced into a distinct pear-shaped form by two unrelated suppressor loci, sov1 and sov2 [36] . Further, comparisons among the LA1589 NILs showed that fs8.1 alone did not significantly affect the elongation and size of the fruit. However, fs8.1 dramatically increases fruit shape index and fruit weight in the cultivated tomato M82 background [34] . These results suggest that the effect of SUN, OVATE and the gene(s) underlying fs8.1 is dependent on the genetic background and controlled by several other genes in controlling fruit elongation.
4.2.
The overall morphological influence of sun, ovate and fs8.1 Among the three fruit shape loci, ovate seemed to only impact ovary elongation, while sun regulated the growth of multiple floral organs and vegetative parts including the leaf and stem. fs8.1 had the least effect on fruit elongation. To gain an overall picture of how the three loci individually and collectively impact the reproductive and vegetative phenotypes, the eight homozygous genotypes were hierarchically clustered using all significantly different traits among the NILs (Fig. 5) . Distinctly different from WT, all the genotypes carrying sun were clustered together, featuring a dramatic increase in the length of both reproductive and vegetative organs, a reduction in organ width (including a thinner stem), and the distal angles of fruit and leaflet. Similar to how sun influences the temporal pattern of fruit elongation (Fig. 1D) , the phenotypes associated with this locus were observed regardless of the presence of ovate and fs8.1, which suggests a more prominent effect of SUN on plant growth compared to the other two genes. Plants carrying only fs8.1 behaved most similar to WT, except for longer leaves and more elongated sepals. ovate alone led to a few differences compared to WT, including higher shape index of the anthesis ovary resulted from reduced width and increased length, and lower proximal eccentricity and higher obovoid values of the fruit. ovate and fs8.1 combined led to a more elongated ovary at anthesis, while the remainder of the traits was similar to the ovate single NIL. In contrast to the limited overall influence of fs8.1 and ovate, the dramatic impact of sun on both reproductive and vegetative growth suggested a broader role of the SUN gene in regulating plant growth.
4.3.
Hormone accumulation is not greatly impacted by sun, ovate and/or fs8.1
Previous studies on SUN and the OVATE family proteins hypothesized possible links to the auxin and GA pathways [5, 16] . However, the hormone profiling analysis using young flower buds of the sun, ovate, fs8.1 NILs did not show association between sun or ovate and auxin or GA level. sun and ovate, which together resulted in pear-shaped fruit formation, led to changes in different sets of hormones, suggesting that the synergistic effect on fruit morphology resulted from the interaction between sun and ovate was not mediated through a common hormone pathway. Although the plants singly carrying sun and fs8.1 both had elevated JA and JA-Ile levels, the sun/fs8.1 double mutant that exhibited more elongated shapes did not accumulate more JA or JA-Ile than the single mutants. fs8.1 had the broadest impact on different hormones, which may be the result of the combined activity of the 19 hormone-metabolism-related genes (functionally annotated using MapMan, [37] ) among the 885 genes in the fs8.1 introgression. A small sample size of four replicates was employed in this study, which limited the interpretation of the data. Nevertheless, there was no clear positive or negative correlation between the levels of a tested hormone and the degrees of ovary or fruit elongation resulted from different combination of the three loci, which suggested the promotion of fruit elongation by sun, ovate and fs8.1 was not a direct result of their effects on the accumulation of these hormones.
